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The speckle pattern (line by line) sequential extraction (SPSE) metric is proposed by the one-dimensional speckle
intensity level crossing theory. Through the sequential extraction of received speckle information, the speckle
metrics for estimating the variation of focusing spot size on a remote diffuse target are obtained. Based on
the simulation, we will give some discussions about the SPSE metric range of application under the theoretical
conditions, and the aperture size will affect the metric performance of the observation system. The results of the
analyses are verified by the experiment. This method is applied to the detection of relative static target (speckled
jitter frequency is less than the CCD sampling frequency). The SPSE metric can determine the variation of the
focusing spot size over a long distance, moreover, the metric will estimate the spot size under some conditions.
Therefore, the monitoring and the feedback of far-field spot will be implemented laser focusing system appli-
cations and help the system to optimize the focusing performance. © 2017 Optical Society of America

OCIS codes: (030.6140) Speckle; (120.6150) Speckle imaging; (140.3295) Laser beam characterization; (140.3490) Lasers,

distributed-feedback.
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1. INTRODUCTION

In some applications, it is necessary to acquire a focusing spot
with high energy density when the laser beam concentrates on a
remote target. Some factors will appear in the process of the
laser beam propagation, which influence the concentration ef-
fect of far-field beam energy, for example, the system jitter, the
atmospheric turbulence, and the system aberration. In order
to obtain a high energy density focusing spot in the remote
laser focusing system, it is necessary to have an observation sys-
tem to supervise the focal spot so that the spot information can
be fed back to the focusing system, which will improve the
system focusing effect.

When a diffuse target is illuminated with a laser beam,
the reflected field will generate a grain-like distribution due
to the interference of the fields reflected from different parts
of the rough target surface. The diffuse light field in this sit-
uation is called the speckle field. The method to supervise
the remote laser spot is based on the reflected speckle, which
has been applied [1] to the laser projection system because the
speckle field will carry the information about the beam param-
eters of the rough surface. This information can be extracted by
speckle interferometry [2], speckle photography [3], and many

other methods [4,5]. If the roughness of the diffuse target sur-
face is relatively large [the root mean square (RMS) roughness is
larger than the wavelength], the target surface property does not
affect the second-order statistical property [6–8] of the reflected
speckle field. In this situation, the speckle field scattered by the
rough surface is generally called a fully developed one. Based on
Goodman’s theory [9], the average speckle size of the fully
developed speckle field is inversely proportional to the beam
spot size on the rough surface. Hence, the statistics property
of the speckle field can provide metrics for estimating the laser
beam that concentrates on the remote rough target surface.

By studying the wavefront detection theory [10–13], the
laser beam that focuses on the remotely located target can
be achieved, and this result is verified by experiments [14].
But, the phase modulation caused by the light field that illumi-
nates on the rough surface of the target is difficult to correct by
the brightness function, it impacts on the focus performance of
the far-field beam energy. Vorontsov and many other scientists
introduce some methods [15,16] to improve laser beam con-
centration on extended objects, which is based on optimization
of the speckle-field-based metric by the stochastic parallel gra-
dient descent (SPGD) technique. If we do not use the method
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of wavefront detection to optimize the focusing spot on the
remote target, the optimization algorithm can replace it, such
as the SPGD technique. The final optimized result by means of
the SPGD algorithm is determined by the beam quality metric
performance. By analyzing the statistical properties of speckle,
some reliable beam quality metrics can be obtained, for exam-
ple, the changes of power in the bucket (PIB) variance [17] of
reflected speckle, the clipped speckle autocorrelation (CSA)
[18] metric, and the clipped speckle edge integration (CSEI)
[10] metric; their feasibility is verified by experiments.

The PIB, CSA, and CSEI metrics can reflect the variation
trend of the focusing spot size, but the theoretical restrictions of
application are not given, and they did not make further analy-
sis of the theoretical results of the metrics. In this paper, we
propose a new metric to solve the above problem, which is the
speckle pattern sequential extraction (SPSE) metric. The SPSE
metric is for estimating the focusing spot size on the remote
diffuse target, where this beam quality metric is based on the
statistical characteristics of speckle field intensity distribution.
This method is applied in the target-in-the-loop beam control
system, which can reflect the variation trend of the focusing
spot size and improve the effect of focusing on the remote
rough target surface. The actual output of metric combined
with the theoretical value can estimate the immediate size of
the focal spot, and the metric limitation can be obtained by
theoretical derivation. Due to the acquisition process of the
SPSE metric being simple, the calculation is faster.

2. THEORY OF SPECKLE INTENSITY LEVEL
CROSSING

The statistical properties of the speckle field intensity distribu-
tion when received by the observation system can give a metric
to achieve the estimation of the beam spot size on the remote
diffuse target. It follows the theory, in which the fully developed
speckle field spatial correlation radius (speckle size) as at the
receiver plane is inversely proportional to the beam spot size
b on the rough surface: as � λL∕b, where L is the length of
propagation path, and λ is wavelength. Therefore, based on this
theory, speckle size at the receiver plane can be used as a laser
beam quality metric (speckle metric) Js to estimate the focus
spot size on the diffuse target.

According to the theory, the speckle size is inversely propor-
tional to the beam spot size on the rough surface; if the aperture
size of the observation system is given, the number of speckles
in the receiving pattern will reflect the focusing spot size on the
far-field diffuse target. Therefore, in this paper, the speckle
intensity level crossing model is used to obtain speckle infor-
mation. The one-dimensional speckle intensity level crossing
model is shown in Fig. 1. A specific I 1 as the intensity threshold
to the pattern of a one-dimensional speckle intensity distribu-
tion was set, and the expected value of speckle intensity across
threshold is expressed as E �N s �. According to the statistical
theory of speckle, there exists a statistical correlation between
E �N s � and the size of speckle. In this paper, we use a method of
Rice [19] to obtain the expected number of crossings about the
intensity level in the speckle pattern. In the pattern of Gaussian
speckle field, the expected number of crossings about level I1 in
the interval (x1, x2) is given by

E �N s� �
Z

x2

x1
dx

Z
∞

−∞
jηjP�I 1; η�dη; (1)

where P�I 1; η� is the joint density of I 1 and η, η is the derivative
of speckle intensity. The first-order probability density of
speckle intensity is a negative exponential. Therefore, the
second-order joint probability density P�I 1; I 2� is given by [5]

P�I 1; I 2� �
expf−�I 1 � I2�∕hIi�1 − jμA�Δx�2j�g

hIi2�1 − jμA�Δx�2j�

× I 0

�
2

ffiffiffiffiffiffiffiffiffi
I1I 2

p jμA�Δx�j
hIi�1 − jμA�Δx�2j�

�
; (2)

where I0 is the modified Bessel function of the first kind, hIi is
the average intensity of the speckle field, I 1 and I 2 are the
intensities at the two points, μA�Δx� is the amplitude correla-
tion coefficient for the two points, and 0 < jμA�Δx�j < 1.
In Eq. (1), η is the slope given by

η � limΔx→0�I 2 − I 1�∕Δx: (3)

Taking Eq. (3) into Eq. (2), the P�I 1; η� can be given as

P�I 1; η� �
exp�−I 1∕hIi�
2

ffiffiffi
π

p hIi3∕2I 1∕21

limΔx→0

Δx
�1 − jμA�Δx�j2�1∕2

× exp
�

η2�Δx�2
4I 1hIi�1 − jμA�Δx�j2�

�
: (4)

Expand the μA�Δx� into the Taylor series, and, based on the
derivative definition, Eq. (4) can be turned into

P�I 1; η� �
exp�−I 1∕hIi�
2

ffiffiffi
π

p
I 1∕21 hIi3∕2

×
1

�−jμA�0�j 0 0�1∕2

× exp
�

−η2

4I 1hIi�−jμA�0�j� 0 0
�
: (5)

Substituting Eq. (5) into Eq. (1), the expected number of
crossings about level I 1 in the interval (x1, x2) is given by

E �N s� �
2ffiffiffi
π

p �−I 1jμA�0�j 0 0∕hIi�1∕2 exp

�
−
I 1
hIi

�
�x2 − x1�:

(6)

From this expression, we can find that the expectation is
mainly determined by the function jμA�Δx�j 0 0; this function
describes the cross-correlation value of the two points on

Fig. 1. Crossings about intensity level I 1 in a normal speckle
pattern.
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the receiving plane. If the light spot on the diffuse target surface
is a square scattering spot, the size is L. The distance from the
target to the observation system is Z . We have

μA�Δx� � sinc

�
LΔx
λZ

�
∕
πLΔx
λZ

; (7)

whereby

jμA�0�j 0 0 � −
1

3

�
πL
λZ

�
2

: (8)

Taking Eq. (8) into Eq. (6), we can obtain

E �N s � � 2

�
π

3

�
1∕2

�
I 1
hIi

�
1∕2

exp

�
−
I1
hIi

�
x2 − x1
λZ∕L

: (9)

In Eq. (9), we can find that E �N s � is in direct proportion to
the beam spot size L on the rough surface. That is to say, if the
intensity threshold I 1 and the receiving distance Z are definite,
when the size of beam spots on the rough surface increases, the
expected value of crossings about the intensity threshold in the
speckle intensity distribution pattern will increase correspond-
ingly. We can use this character to estimate the focus spot size
on the remote diffuse target.

3. SPECKLE PATTERN SEQUENTIAL
EXTRACTION METRIC

In the case that applies speckle field to estimate the far-field
spot size, after taking the sequential extraction of the collected
three-dimensional speckle field, the multiple sets of one-
dimensional speckle intensity distribution patterns are ob-
tained. By analyzing these patterns, a beam quality metric
can be obtained.

As Fig. 2(b) shows, in the laser focusing system, the echo
signal obtained by the CCD is the speckle field that is produced
by the diffuse reflection of the focusing spot illuminated on the
remote rough target. As Fig. 2(a) shows, the speckle field signal
is a three-dimensional pattern, which is composed of two-
dimensional speckle position distribution information and

speckle intensity information. The pattern is two-dimensional
speckle intensity distribution information. In the fully devel-
oped speckle field, we consider that each phase is statistically
independent of all of the others. Therefore, we can regard the
two-dimensional speckle intensity distribution pattern as the
N�N -dimensional matrix. We consider that the pattern of
two-dimensional speckle intensity distribution is decomposed
into N groups patterns of one-dimensional speckle intensity
distribution, as shown in Fig. 2(c). Calculating the number
of crossings about the intensity threshold in each one-
dimensional speckle intensity pattern and stacking them
together, the resulting J s is the speckle metric:

J s �
Xn
i�1

Ni; (10)

where N i is the number of crossings about the intensity level in
the ith one-dimensional speckle intensity pattern (the number
of intersections when intensity distribution crosses the thresh-
old I ). The selection of speckle intensity crossed threshold I
selection is generally chosen to receive half of the average in-
tensity of the speckle field obtained within the aperture of the
receiving system. As shown in Eq. (9), when the speckle field
within the aperture of the receiving system is determined, the
selection of the intensity threshold directly affects the number
of one-dimensional speckle that crosses the intensity threshold.
In this paper, the number of crossings about the intensity level
is applied to obtain the speckle metric. Therefore, in order to
make the metric more accurate, the selected intensity threshold
can be used to make the number of crossings about the thresh-
old in the speckle pattern to reach the maximum. According to
the research results of Bahuguna et al. [20], when the selected
intensity level is half of the average intensity of the speckle
field, the expected number of crossings about the intensity level
is the maximum; it is about 0.87�x2 − x1�∕�λZ∕L�. Under this
condition, we can get the theoretical output based on the
SPSE metric.

A. Simulation Analysis of the SPSE Metric
This section introduces the simulation method of obtaining the
SPSEmetric and makes a simple analysis of the simulation results.
The surveillance system of a focusing spot on a far field includes
the omitting and receiving processes. Due to the transmitting
propagation path of laser focusing not being related to the main
problem discussed in this section, the receiving path is the only
topic to discuss in the simulation process. The propagation proc-
ess of a focusing spot from a diffuse target to the receiving system
adopts the transmission model illustrated in Fig. 3.

In the simulation process of speckle field propagation, the
one step fast Fourier transform (FFT) method is applied. In the
simulation, the FFT method needs a square matrix of dimen-
sion N × N to describe the input and output fields. In this
paper, we set N � 512, the length of the input plane is
L � 200 mm, the sampling interval in the input plane is
L∕N , the wavelength is λ � 0.532 μm, and the observation
system is 100 m from the diffuse target (Z � 100 m). In the
simulation, regarding the received speckle field as a fully devel-
oped speckle field, the diffuse target model is established by
random phase distributions, which are randomly generated
from 0 to 2π to obtain a set of phase screens. The simulationFig. 2. Pattern of speckle intensity distribution.
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process is shown in Fig. 2, and the received speckle field is
decomposed into N groups of distribution patterns for one-
dimensional speckle intensity. In order to improve the calculat-
ing speed, each group of patterns has been binarized. If it is
greater than the threshold, then mark it as one, if it is less than
the threshold, mark it as zero. In each of the obtained arrays, if
the value of the adjacent elements changes once, the intensity is
considered to cross the threshold once. The total number of
changes in the array is regarded as the number of the speckle
intensity crossing the threshold, and the sum value of the N
groups is the value of the speckle metric.

Figure 4 is the theoretical results of the SPSE metric. The
focusing spot size varies from 0.6 to 6.5 mm, and the variation
interval is 0.1 mm. It can be seen from Fig. 4 that the output
value of the speckle metric increases when the focus spot size
increases, and the SPSE metric and the focusing spot size show
a linear relationship. In practice, when the output value of the
speckle metric and focusing spot size changes are in a similar
linear relationship, we consider that the metric can estimate the
changes of the focusing spot size, and the metric is effective at
the moment.

Figure 5(a) shows the SPSE metric simulation results, the
selection of related parameters in the simulation process is
the same with the corresponding parameter in Fig. 4. Due
to the random error generated by the difference between the
sample and the population in the process of random sampling,

there is a deviation from the theoretical output, but the SPSE
metric and the focusing spot size show a linear relationship.
With the increasing of the focusing spot size, the output of
the speckle metric increases, the simulation output and the
theoretical output change in the same trend, and the feasibility
of the SPSE metric is proved. From the simulation results in
Fig. 5(a), it can be concluded that the speckle metric can
effectively reflect the variation of focusing spot size when
the spot size varies from 0.6 to 6.5 mm.

In the same simulation conditions, enlarging the focal spot
size to make the variation range from 30.6 to 36.5 mm, the
simulation result is shown in Fig. 5(b). It can be seen that when
the size of the focal spot increases, the speckle size will decrease,
and as the number of speckle in the received pattern increases,
the metric output is obviously improved. From the simulation
results in Fig. 5(b), we will find that the metric keeps a linear
relationship with the focal spot size, and this relationship is
consistent with the theoretical analysis. It can be considered
that the SPSE metric can estimate the change of the focal spot
size. In the simulation, we found that although the enlarging
number of speckle leads to an increase of calculated amount,
there is almost no change on the speed of the obtained metric
when the change interval of the focus spot size varies from
0.6–6.5 mm to 30.6–36.5 mm through the method of timing
measurement. In the actual situation, when the receiving sys-
tem is 100 m from the target, and the focal spot size on the
target surface reaches 30 mm, the method of telescope system
direct imaging can be used to estimate the variation of spot size.
Therefore, in the simulation of the SPSE metric, there is no
need to continue to expand the spot size for further discussion;
when the focusing spot is large, the metric can effectively
estimate the spot size.

B. Two Theoretical Limitations of Speckle Metric
In this section, the state of the SPSE metric when the focusing
spot size is in its maximum and minimum through the method
of theoretical analysis that combined with simulation will be
analyzed, and the theoretical scope of the speckle metric will
be given. The selected parameters involved in the simulation
are the same as with previous ones.

As shown in Fig. 6(a), when the focusing spot size is very
small, the metric cannot estimate the variation of the spot size.
Due to the speckle size being larger when the focusing spot size
becomes smaller, and there are fewer speckles in the aperture
of the observation system, it causes an insufficient number of

Fig. 3. Transmission model of speckle field.

Fig. 4. Theoretical output of the speckle pattern sequential extrac-
tion metric.

Fig. 5. Simulation results of speckle metric. (a) The focus spot size
varies from 0.6 to 6.5 mm. (b) The focus spot size varies from 30.6 to
36.5 mm.
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speckle samples and increases the measurement errors. When
the spot size reduces to a critical value (the expected number of
crossing about the level is less than two), the number of speckle
intensity crossings of the threshold does not change with the
spot size, and the speckle metric will lose efficacy in this time.

As shown in Fig. 6(b), when the focusing spot size is very
large, the speckle metric cannot estimate the variation of spot
size. This phenomenon is due to the focusing spot size being
larger, the speckle size is smaller, and there are more speckles in
the aperture of the observation system; when the resolution of
observation system is definite, the expected number of crossings
about the intensity threshold is greater than one-half the actual
number of sampling points, so we cannot completely distin-
guish the speckles in the receiving plane. It will affect the value
of metric output, and the speckle metric will lose efficacy in
this time.

According to the above analyses, the applicable range of the
speckle metric can be obtained from the simulation based on
these observation system parameters, which turned out to be
from 0.6 to 120.4 mm.

C. Influence of the Aperture of the Observation
System
When the focusing spot is smaller, the echo speckle size is
larger, and there are fewer speckles in the receiving plane. If the
aperture of the observation system has a small size, it will
cause the number of speckle samples to be insufficient, and it
increases the measurement errors. Therefore, the aperture of
the observation system has an important impact on the speckle
metric.

In this paper, we propose the method to count the number
of the speckle intensity crosses of the threshold, which will re-
flect the number of speckles in a region of the received speckle
pattern so as to estimate the size of the focal spot. Therefore, in
order to ensure the effectiveness of the speckle metric, it is nec-
essary to have at least one of the one-dimensional speckle pat-
terns after the receiving speckle pattern is extracted; the number
of speckle intensity distributions crossing the intensity thresh-
old is greater than two under the theoretical limits. That is the
expected number of crossings about the intensity threshold,
which is larger than 2 (E �N s � > 2). When the selected intensity
threshold is a half of the average intensity of the speckle field,
according to Bahuguna’s conclusion, we can obtain

L >
2λZ

0.87�x2 − x1�
: (11)

From Eq. (11), when the aperture size of the observation
system is definite, the minimum value of the focal spot size
can be theoretically estimated by the speckle metric.

In the application, the observation system with different
apertures will have an influence on the speckle metric output.
Therefore, the observation system with different apertures is
selected to analyze the simulation results of the SPSE metric
output. Figure 7 shows the simulation results of the speckle
metric, where the focusing spot size ranges from 0.15 to
1.60 mm, the observation system is 100 m from the target,
and the aperture sizes of the observation system are 100 and
130 mm. There is a method of judgment on whether the
speckle metric is effective in the application. When the focal
spot size gets larger, the output of the speckle metric gets larger,
so the metric can estimate the variation of spot size; therefore,
the metric is effective at the moment. However, the metric can-
not be considered effective in any other conditions. According
to this principle, observing the circle marked parts in Fig. 7, it
can be seen that the aperture size of the observation system is
larger, so the speckle metric that can effectively estimate the
minimum size of the focusing spot is smaller. By means of
abundant simulation analyses, if the aperture of the observation
system is definite, the minimum size of the focusing spot,
which can be estimated by the speckle metric under the limited
condition, is consistent with the conclusion of the Eq. (11).
This conclusion can be applied to select the aperture size of
the observation system:

D >
λZ

0.87ω
; (12)

where ω is the minimum spot size of the focal spot, Z is the
distance from observation system to the diffuse target, and λ is
the wavelength.

In the application of speckle metric, the metric is required
not only to provide the variation trend of the focusing spot size,
but also to obtain the size estimation of the focal spot. Therefore,
it is necessary to combine the actual output of metric with
the theoretical output value of speckle metric to analyze the

Fig. 6. Metric simulation results in which the focusing spot size is
in its maximum and minimum. The graphs (a) and (b) abscissa is the
focusing spot size, the ordinate is the metric output. In graph (a), the
spot size ranges from 0.1 to 3.0 mm, and, in graph (b), spot size ranges
from 120.1 to 123.0 mm.

Fig. 7. Simulation results of speckle metric when aperture size of
the observation system are 100 and 130 mm.

Research Article Vol. 56, No. 32 / November 10 2017 / Applied Optics 8945



focusing spot size. Figure 8 shows the simulation output and
the theoretical output of the speckle metric when the observa-
tion is 100 m from the target, the size of focal spot ranges
from 0.7 to 6.5 mm, and the aperture of the observation
is 120 mm.

From the Fig. 8, when the focal spots are the same size, their
theoretical value and the output results of the speckle metric
have deviations. The expected number of crossings over the
intensity threshold in the complete speckle field needs to be
the maximum when the theoretical results of the speckle metric
are calculated. Therefore, the theoretical results of the metric
are related to the selected intensity threshold and the probable
density of the intensity distribution in the complete speckle
field. In the process of collecting the speckle pattern, there is
a difference between the received speckle intensity distribution
and the intensity distribution of the whole speckle field. In this
situation, when we selected the same intensity threshold, the
theoretical results and the simulation output of the speckle
metric exist with deviations. Applying the method of multiple
sampling to take the mean value can reduce the deviation
between them.

In Figs. 9(a) and 9(b), the simulation output is the mean
value of the speckle metric output, which is obtained by the
observation system through multiple sampling and respectively
calculating the metric output. The error bars indicate the
deviation ranges for the corresponding simulation output of
the speckle metric. In order to facilitate the calculation, we ex-
tract four sets of one-dimensional speckle intensity patterns in

Fig. 8. Simulation results and the theoretical output of the speckle
metric when the aperture size of the observation system is 120 mm.
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Fig. 9. Simulation analysis of SPSE metrics in different apertures of the observation system. (a) The aperture size of the observation is 120 mm.
(b) The aperture size of the observation is 130 mm. The error bars are the deviation ranges for the corresponding simulation output of the speckle
metric. (c) The abscissa is the aperture size of the observation system, and the ordinate is the relative average deviation between the theoretical results
and the mean value of the speckle metric output when the size of the focal spots is in the same range under the observation system surveillance.
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each received echo speckle field for analysis in the simulation.
In the simulation process, the selection of related parameters is
the same as before except the size of the focal spot, and the
range is from 0.5 to 3.5 mm. Figures 9(a) and 9(b) show that
when the aperture size of observation gets larger, the deviation
between the mean value of the speckle metric and the theoreti-
cal value gets smaller. Figure 9(c) shows the mean variation
between the theoretical results and the mean value of the
speckle metric output in different observation systems. With
the aperture size of the observation system getting larger, the
mean variation to its theoretical value gets smaller. When
the aperture size increases, the number of the speckle in the
received pattern gets larger, and the measurement accuracy
of the metric will improve. In the meantime, the probability
density of the received speckle intensity distribution approaches
the echo speckle field, and the simulation output tends to its
theoretical results.

Figures 9(a) and 9(b) show the same phenomenon, in which
both ends of the curve gradually deviate from the theoretical
value. Due to the size of focal spot being smaller, the speckle
size is larger, and there are fewer speckles in the observation
system, which will affect the measurement accuracy. When
the size of focal spot gets larger, there are more speckles in
the observation system, and the sampling interval of observa-
tion restricts the accuracy of measurement. We can increase the
value of N to solve this problem in the simulation process.

The method of multiple sampling is applied to obtain the
mean value of the speckle metric output, and the mean value
combined with the theoretical results will help to estimate the
size of remote focusing spots. In the application of this method,
the amount of computation is large, and the time for calcula-
tion is long. The method through placing multiple linear array
detectors to receive speckle field information at the same time
can be used to solve this problem.

4. EXPERIMENT

The experimental device for testing the feasibility of the
SPSE metric is shown in Fig. 10. This experimental device
is mainly composed of four parts: the laser focusing system,

the observation system, the signal processing system, and
the laser beam profile detection system. In the experiment, we
focus a continuous wave laser whose wavelength is 0.532 μm
on a diffuse target, and the observation system collects the re-
turned speckle field, which is generated by a laser beam illumi-
nating on the diffuse target surface. The observation system
consists of a camera lens with an aperture size of 107 mm and
a complementary metal–oxide–semiconductor (CMOS) cam-
era with a pixel size of 12 μm, and the F-number of the ob-
servation system lens is 2.8. The distance from the diffuse target
to the objective lens of the observation system is 5.4 m. We
change the distance between the focusing lens and the diffuse
target to obtain a different size of focusing spot by moving the
diffuse target. Due to laser beam transmission distance being
much larger than the variation, this method does not affect
the results of the final analysis. In the process of image acquis-
ition by adjusting the defocus amount, we can obtain a clearer
speckle image and maintain this parameter to collect speckle
information. The diffuse target we selected is not polished
and marked with a no scratches metal plate in our experiments.
The signal processing system converts the received speckle field
into the information of speckle intensity distribution, and, after
calculation, we will obtain the speckle metric output. The laser
beam profile detection system will directly get the information
of the focusing spot size on the target, which helps us verify the
speckle metric performance. In the experiment, the selection of
the speckle intensity threshold needs to be increased appropri-
ately, due to the consideration of background noise influences
in the experiment. There is another way to reduce the noise
influence, which is to filter out the background light in the
received speckle pattern with the signal processing, and select
the intensity threshold to obtain the speckle metric output.
When the metric output is obtained, the laser beam profiler
is applied to replace the diffuse target for obtaining the actual
size of the corresponding focal spot, so that the experimental
results can be verified and analyzed. In the experiment, we use
the slide way to calibrate the position of the focusing spot,
where it will make the laser beam profiler remain in the same
position as the spot. In order to make the conclusions of the

Fig. 10. Experimental device for testing the feasibility of the SPSE metric. CW, continuous wave; PC, personal computer.
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analysis more convincing, we selected six sampled positions on
the surface for a per beam size.

The experimental results of the SPSE metric are shown in
Fig. 11(a), where the marker is the mean value of the six sets of
experimental results of speckle metrics; the solid line is the
theoretical calculation result, and the error bars indicate the
deviation ranges for the corresponding experimental results
of the speckle metric. It can be seen from the experimental data,
when the size of focal spot gets larger, the value of the speckle
metric output gets larger; they approximately keep a linear
relationship, which is in accord with the above simulation
analyses. At the same time, compared with the experimental
results and theoretical output, it can be seen that the output
curve of the speckle metric obtained by the experiment deviates
from the theoretical result at both ends, and the middle part
agrees with the theoretical result, which is consistent with
the result obtained by a previous simulation. Therefore, the
experimental results verify the conclusions of theoretical analy-
sis and simulation analysis.

In the experiment, we use the Gaussian beam as the light
source. There are aberrations caused by the laser focusing sys-
tem, but, as explained below, these aberrations do not affect us
estimating the variations of focusing spot size through the SPSE
metric. In the experiment, the laser spot size is obtained by least
squares Gaussian fitting of the spot, and the size of the beam
obtained by this method can reflect the size of the focusing
spot. We use the one-dimensional speckle intensity level cross-
ing model to obtain the speckle metrics; if the focusing spot
size we got by Gaussian fitting is along the X axis, the one-
dimensional intensity information we extracted is necessarily
distributed along the X axis. Therefore, we consider that the
anisotropy of spots has little effect for the SPSE speckle metric.
It can be seen from Fig. 11(a) that the experimental results are
consistent with the simulation results in Fig. 9. This deviation
phenomenon also appears in the simulation when we use iso-
tropic spots. It proves that the anisotropy of the spot is not the
cause of the deviation between the experimental results and the
theoretical results. Therefore, we consider that there are two
main reasons for which the experimental results are greater than

the theoretical results when the focusing spot size is very small.
First, there are fewer speckles in the aperture of the observation
system, which causes the number of speckle samples to be in-
sufficient and increases the measurement errors. Second, in the
application, in order to improve the accuracy of the speckle
metric, it is necessary to extract abundant information of
one-dimensional speckle intensity from the received speckle
pattern, and, in the process of sequentially extracting the inten-
sity information, the sampling density is larger. As shown in
Fig. 11(b), when the focusing spot size is smaller, the presence
of each speckle in the received speckle pattern will affect many
groups of extracted one-dimensional speckle intensity informa-
tion, lead to a large correlation among the data, and enlarge the
speckle metric output. But, in the process of calculating the
theoretical output by crossing the intensity thresholds, each
set of data, which is described by speckle intensity distribution,
is independent. Therefore, the output value of the speckle met-
ric, which is obtained by experimental data, is greater than the
theoretical result. It is proved in the simulation that this error
can be eliminated if the system aperture is apparently increased.
As shown in Fig. 11(b), when the focusing spot size is very
large, there are a mass of speckles in the observation system,
and the speckle size is very small. Due to the limitations of
the CMOS camera pixel size, we cannot completely distinguish
all of the speckles in the patterns, which were obtained by
extracting the received speckle field; therefore, the speckle met-
ric outputs are reduced. In order to make the output of the
speckle metric closer to the theoretical results, it is necessary
to select smaller pixel size CMOS camera to improve the
resolution precision.

5. CONCLUSION

In this paper, based on the one-dimensional speckle intensity
level crossing theory, we propose a method of sequentially
extracting the pattern of received echo speckle field to obtain
the speckle metric. The speckle metric obtained by this method
can effectively judge the changing information of focal spot size
on a remote target; moreover, it will achieve the supervision and

Fig. 11. (a) Experimental results of the SPSE metric. (b) Part of the speckle patterns obtained in the experiment and the corresponding focal
spot images, which were obtained from the target surface. In the image plane, 12.288 mm corresponds to these speckle patterns. The beam size is
obtained by a least squares Gaussian fitting of the spot.
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feedback of the target spot in the laser far-field focusing appli-
cation. This method helps the focusing system optimize the
focusing effect and obtain a focal spot with high energy density.
Combined with theoretical analyses, the feasibility of the
speckle metric is verified by simulation analysis, and the appli-
cable range of metric is given. Only when the metric meets the
conditions, in which the wavelength is 0.532 μm, the target is
100 m from the observation system, the aperture of the obser-
vation system is 100 mm, and the pixel size is 0.266 mm, can it
theoretically judge the changing range of focal spot size, where
the range is from 0.6 to 120.4 mm in its maximum. Then, we
discuss the effect of speckle metric on the aperture of observa-
tion system, and the selection rule of aperture is given according
to Eq. (11). The method of multiple sampling is applied to take
the mean value of the metric output so that the estimation of
the far-field focal spot size can be achieved, and this method is
verified by means of simulation. In this paper, the experiment
results show that the output of metric is consistent with its
theoretical analysis results when the focal spot changes from
0.26 to 1.06 mm. Therefore, the performance of the speckle
metric is verified by experiments. The SPSE metric is applicable
only when the diffuse target is in a relatively static state.
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